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Copper-Indium material for the fabrication of CIS/CIGS thin-film solar cells and for 
applications as an alloy is one of the most auspicious material currently being studied 
and has attracted significant interest in the solar energy and other industries. In the past, 
there have been several methods used for the fabrication of chalcopyrite thin-film solar 
cells. However, one of the best methods in the industry is electrodeposition, which 
employs the principles of electrochemistry to deposit materials on a working electrode. 
The cyclic voltammetry and constant potential deposition studies have been conducted 
for the electrodeposited copper indium material. In order to better understand the 
electrochemistry behind the deposition of copper and indium, a systematic cyclic 
voltammeteric study was undertaken on a carbon electrode.  
In this thesis, several aspects of copper indium deposition have been studied which can 
be used as an elementary study to optimize parameters to get the final composition 
which will give maximum conversion efficiency. This study would also be an 
elementary study for further researches which would increase the efficiency of the CIS 
thin-film solar cells. The characterization was done by SEM, EDS and XRD studies. 
Moreover, the effect of addition of two different complexing agents, namely EDTA and 
trisodium citrate was studied. Complexing agents assist in the codeposition process. 
Thus, in this research, samples with and without the usage of complexing agents were 
studied.  
Cyclic voltammograms produced reduction peaks around -0.2 V and -1 V versus SSC 
respectively for copper and indium using both trisodium citrate and EDTA complexing 
agents. The position of the peaks is similar using both the complexing agents proving 
the efficacy of EDTA as a suitable complexing agent. EDS studies provided 
compositional analysis for the films deposited by constant deposition method. pH 
studies indicate no prominent peaks at more acidic pH. This could be attributed to the 
poor stability of the electrolyte solution at higher pH. Thus, it could be concluded that 





has to be increased. The reason to perform SEM, EDS and XRD characterization was 
to help identify the reaction mechanism, the structure and morphology of the films 
deposited under different conditions. Results of SEM studies showed that the grain size 
were small (2-20 µm) and there were cracks on the surface which could be avoided by 
changing the parameters. XRD analysis shows the presence of CuIn layer and that (200) 
is the preferential plane to the growth of the CuIn films. 







Title and Abstract (in Arabic) 
دراسة الترسيب الكهربائي لسبائك النحاس واإلنديوم لتصنيع الخاليا الشمسية 
  CISالرقيقة
 صالملخ  
 الخاليا الشمسية ذات األغشية الرقيقةتعتبر مادة النحاس واإلنديوم المستخدمة في تصنيع 
CIS/CIGS  للتطبيقات كسبيكة واحدة من أكثر المواد الميمونة التي تتم دراستها حاليًا وقد جذبت و
اهتماًما كبيًرا بالطاقة الشمسية والصناعات األخرى. في الماضي، كانت هناك عدة طرق مستخدمة 
لتصنيع الخاليا الشمسية ذات األغشية الرقيقة كالكوبايرايت. ومع ذلك، فإن إحدى أفضل الطرق في 
الصناعة هي الترسيب الكهربائي، والتي تستخدم مبادئ الكيمياء الكهربائية إليداع المواد على قطب 
كهربائي عامل. تم إجراء دراسات قياس الفولتميتر الدوري ودراسات الترسيب المستمر للجهد 
ية أثناء لمواد اإلنديوم النحاسية المترسبة كهربائياً. من أجل فهم أفضل للسلوكيات الكهروكيميائ
الترسيب المشترك للنحاس واإلنديوم، أجريت دراسة دورية منتظمة الفولتميتر على قطب كربون. 
في هذه األطروحة، تمت دراسة العديد من جوانب ترسيب النحاس اإلنديوم والتي يمكن استخدامها 
ر من كفاءة كدراسة أولية لتحسين المعلمات للحصول على التركيبة النهائية التي ستعطي أقصى قد
التحويل. ستكون هذه الدراسة أيًضا دراسة أولية لمزيد من األبحاث التي من شأنها زيادة كفاءة 
 وEDS و SEM . تم التوصيف بواسطة دراساتCISالخاليا الشمسية ذات األغشية الرقيقة 
XRD  . ،وهماعالوة على ذلك، تم دراسة تأثير إضافة اثنين من العوامل المركبة المختلفة   
EDTA  سترات ثالثي الصوديوم. تساعد العوامل المعقدة في عملية الترسيب المشترك. وهكذا، و
في هذا البحث، تمت دراسة العينات باستخدام أو بدون استخدام عوامل معقدة. أنتجت الصور 
على التوالي للنحاس  SSC فولت مقابل 1-فولت و  0.2-الفولتامية الحلقية قمم اختزال حول 
يتشابه موضع القمم . عوامل معقدك EDTA واإلنديوم باستخدام كل من سيترات الصوديوم و
  كعامل معقد مناسب. قدمت دراسات EDTA باستخدام كل من عوامل التعقيد التي تثبت فعالية
EDS   تحلياًل تركيبيًا لألفالم المودعة بطريقة الترسيب المستمر. تشير دراساتpH  إلى عدم وجود
قمم بارزة عند درجة حموضة أكثر حمضية. يمكن أن يعزى ذلك إلى ضعف استقرار محلول 
اإللكتروليت عند درجة حموضة أعلى. وبالتالي، يمكن استنتاج أنه يجب إضافة مركبات إضافية 





هو المساعدة في تحديد آلية التفاعل وهيكل وتشكل األفالم المودعة في ظل ظروف XRD وEDS و
أن وجود اإلنديوم قد يؤدي إلى تثبيط تكوين النحاس والعكس  SEM مختلفة. أظهرت نتائج دراسات
  ( هو المستوى التفضيلي لنمو أفالم200وأن ) CuIn وجود طبقة XRD صحيح. يُظهر تحليل
CuIn.  
، الخاليا الشمسية ذات األغشية الرقيقة، CISالترسيب الكهربائي، : مفاهيم البحث الرئيسية
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Chapter 1: Introduction 
1.1 Overview 
Climate change and global warming are becoming increasingly concerning issues over 
which several alternative solutions to fossil fuels are being considered by the United 
Nations and other similar organizations. Several catastrophic natural disasters and adverse 
effects such as flooding, desertification through excessive temperature rise, ice melting in 
polar regions, extinction of many endangered species, and deforestation wildfires have 
resulted as a consequence of increasing earth temperatures resulting in the global warming 
phenomenon to become a headline issue worldwide. Accordingly, to reduce the emission 
of greenhouse gases (such as CO2) that emerge from burning of fossil fuels and the human-
made pollution, many countries are striving to pursue the development of clean, renewable 
energy resources. In order to assist humankind, nature provides many alternative sources 
of clean energy that are more sustainable and environmentally friendly which could be 
generated from abundant solar radiation, ocean waves, wind and from hydrothermal 
underground energy. Among these, solar energy seems to be the most popular form of 
clean energy, especially in the gulf region where there is an abundant supply of sunlight 
all year round. In addition to the environmental hazards of using fossil fuels, they are also 
incredibly costly, as well as scarce. Therefore, the need for the use of photovoltaics is ever 
increasing. Photovoltaic (PV) is a term used to describe the direct conversion of solar 
energy to electrical energy using solar panels. 
Consequently, the attractiveness of renewable energy has increased considerably in the 





energy sources and increasing energy demand has led to an increase in worldwide primary 
energy consumption by 1.3% in 2019, which is nearly half of the growth in 2018 which 
was 2.2% [2]. Predictably, by 2050, PV electricity would cover more than 20% of energy 
demand [3]. Therefore, it is vital to reduce the emissions of carbon dioxide gas by the 
middle of the century and this can be achieved by using PVs and other renewables as a 
source of energy. 
The purpose of new technologies is to make our lives easier and more efficient which is 
why investment in research and education is highly vital. Copper indium alloys have 
several usages and one of the main one being its application in CIS thin-film solar cell 
material. Another area where copper-indium alloys can be applied would be in kitchen 
utensils and other copper utensils as indium enhances certain characteristics of copper. 
The band gap of the CIS material needs to be within the range of 1.1 to 1.24 eV to 
maximize efficiency of the conversion of sunlight into electricity. Copper indium and the 
effect of different parameters on the electrodeposition method which is used for the 
fabrication of this material has been subjected to extensive research in the past. 
Electrodeposition process as compared to vacuum based processes have certain 
advantages such as potential for higher efficiencies, lower costs and easier to scale up. In 
this thesis, therefore, the electrodeposition process for the fabrication of copper-indium 
material has been studied in detail. 
1.2 Statement of the Problem 
This research focuses on an elementary study on the codeposition process of copper and 





electrodeposition process and also, a fairly novel complexing agent (EDTA) has been 
researched upon and its effect on the electrodeposition process has been compared with a 
previous complexing agent (Trisodium citrate). This study will assist future studies to help 
identify the reaction mechanism of copper-indium deposition. 
1.3 Thesis Layout 
Chapter 1 introduces the objective of this thesis as well as literature review on various 
applications of copper indium alloys. Application in CIGS/CIS thin-film solar cell is 
discussed in detail starting with a brief discussion on other solar cell material such as 
silicon and CdTe. The electrodeposition process, cyclic voltammetry and the effect of 
different parameters on electrodeposition process are discussed. Chapter 2 discusses the 
experimental procedure including the experimental setup, solution (electrolyte) 
preparation, calculations, instrument usage for creation of cyclic voltammograms, 
constant potential deposition plots, scanning electron microscopy and X-ray diffraction 
studies. 
Chapter 3 is based on the results and discussion of this thesis research. This section starts 
discussing voltammograms and constant potential deposition plots followed by SEM, 
XRD and EDS studies. It also states troubleshooting methods for various problems that 
occurred in the lab. This thesis report is concluded by the conclusion section as Chapter 4 
which restates the objective of the study as well as summarises the various solutions 





1.4 Relevant Literature 
1.4.1 Application in Copper Indium Alloy Products 
In history, metals have been alloyed in order to enhance their physical and chemical 
properties. Copper for example, has many alloys. Bronze and brass are major examples of 
copper alloys. Bronze primarily consists of copper and around 12% tin. It can also contain 
additions of aluminium, nickel, manganese or zinc and certain non-metals as well. These 
additions increase the strength and ductility of the material when compared to copper 
alone. Brass is an alloy comprising of copper and zinc. This mixture has superior 
mechanical and electrical properties. In this thesis, a fairly novel alloy of copper, namely 
copper-indium in its application in different areas including its usage as a material for 
thin-film solar cell was studied. In a patent published in 1934, other applications of 
copper-indium alloys were discussed [4]. Applications of copper-indium alloys include 
usage in kitchen utensils and similar articles, brushes, commutators, wire conductors, etc.  
Indium incorporates into copper certain advantageous properties such as resistance to 
tarnish and corrosion. The extent to which tarnishing is resisted depends on how much 
indium is incorporated into the copper. The formation of surface tarnishing compounds 
such as oxides, sulphates, carbonates, etc. of copper is rapid on an exposed copper surface 
usually giving the surface a crust of brown or green color. Another advantage of the 
addition of indium to copper is the modification of the copper color. The red color of 
copper makes it undesirable for usage for a number of applications such as for kitchen 
utensils, spoons, etc. This red color is diluted and even lightened by the addition of even 





1.4.2 Application of Copper-Indium Material in CIS/CIGS Thin-Film Solar Cell 
Another application of copper-indium alloys is in the fabrication of CIS/CIGS thin-film 
solar cells. When trying to comprehend solar cells or photovoltaic devices, it is necessary 
to endeavor to understand the science behind the mechanism used by solar cells to produce 
electricity. Solar cells are characterized by forming a rectifying junction between a semi-
conductor with another metal. This rectifying junction is called a PN-diode or a Schottky 
diode. The absorption of the incoming photons on the junction depends on the intensity 
of the energy hv of the incoming photons. If this intensity is more significant than that of 
the band gap of the semi-conductor, the junction absorbs the photons when it is 
illuminated. These absorbed photons are converted into electron-hole pairs. The electrons 
drift to one electrode and the holes to the other one. This consequently creates a potential 
for the current to flow [5]. 
There is a significant demand for thin-film solar cells and the market for these devices is 
expected to grow considerably over the next few years [3]. Thin-film solar cells are way 
ahead of their competition in terms of dimension, and they also present a wide variety of 
choices in terms of device design and fabrication. Currently, the best thin-film absorbers 
in terms of the cost of their materials are amorphous Si, CdTe, CuInSe2 and their alloys 
with Ga and/or S [6]. Due to their higher reported efficiencies, Si wafer based solar cells 
are currently found in the market. Initially, mono-crystalline or single crystalline silicon 
solar cells were formed which later developed to polycrystalline solar cells. These silicon 
wafer based solar cells are considered as first generation solar cells [7]. The production 
capacity of polycrystalline Si cells is high and their material consumption and energy input 





structures of modules via deposition. A major factor to consider is the economic value in 
large scale terrestrial applications and these advantages of Si cells reduce the costs for 
these applications. However, Si solar cells are still disadvantageous in terms of higher 
costs. To elaborate, given below are the main disadvantages of traditional Si solar cells 
[7]: 
1. The fabrication technologies involved in the production of Si solar cells is 
expensive. 
2. It requires a lot of energy to grow and saw ingots. 
3. It is reasonably easy for an electron generated in another molecule to hit a hole 
left behind in a previous photoexcitation. 
4. There is a significant loss of energy as heat from a portion of the energy from the 
higher-energy photons, particularly at the blue and violet ends of the spectrum. 
Moving on, the next category of solar cells to be discussed is CdTe. CdTe is a newer 
addition to the thin-film family. CdTe is considered a promising material for thin-film 
solar cells. Beneficial CdTe have been developed which have the added advantage of 
having a small area and they possess efficiencies of more than 15% and they are currently 
available in the market [8], [9]. In addition to this, it has been concluded that large area 
monolithic CdTe modules have additional benefits of higher efficiencies and capability to 
attract production scale capital investment [10]. However, there have been limitations in 
further development and improvement in the performance and reproducibility of CdTe 
thin-film solar cells which is caused due to the utilization of conventional SnO2/poly-





regulations imposed on the usage of CdTe due to its toxicity is a great disadvantage which 
make it less attractive. 
Apart from CdTe, chalcopyrites (CIS/CIGS/CZTS) are also relatively new in this field 
and are considered to be the most auspicious material in this category as far as feasibility, 
economical cost and efficiency and performance are considered. The maximum reported 
efficiency of chalcopyrites is still low but it is improving and currently is 23.35% reported 
in 2019 [12]. Some of the different and numerous methods for the fabrication of CIGS 
thin-film solar cells include: evaporation [13], [14] sputtering [15], [16], spray pyrolysis 
[17], [18], printing [19], molecular beam epitaxy [20], and electrodeposition [21]–[24], 
[106] . Advantages of CIGS when compared to other PV technologies include: 
1. High energy yield. 
2. Low temperature coefficient of power loss. 
3. Low sensitivity to shadowing. 
4. Short energy payback time [25]–[27]. 
There are advantages of using vacuum based methods for the production of CIGS thin-
film solar cells, such as having produced the highest efficiencies (above 20%), however, 
it is also associated with many disadvantages such as high costs and technological barriers 
which make investing in research of electrodeposition of CIS more beneficial. The 
material used as a substrate for the deposition of CIGS thin-film solar cells has mainly 
been glass/Mo; this is also because deposition on flexible substrates have not been able to 
reach similar efficiencies [28]. One of the advantages of CIGS thin-film solar cells is that 





approximately 1.05 to 1.6 eV [29]. A band gap of approximately 1.1-1.24 eV is sufficient 
to produce the best in-class devices and can be grown using typically 0.25 to 0.35 
Ga/(Ga+In) ratio. The objective of many present and future studies is to optimize the band 
gap energy of the absorber material. In order to produce thin layers (1-2 µm) of active 
material, a large optical absorption coefficient of CIGS solar cells is used [30].  
A general meaning of the term chalcogen is the chemically and technologically essential 
selenium and tellurium elements of the sulfur sub-group. The properties of an ideal 
absorber material should comprise of: 
 A direct band gap. 
 High absorption coefficient. 
 Long diffusion length. 
 Low recombination velocity. 
 Using suitably compatible materials, the ability of the absorber to form a good 
electronic junction. 
Achieving higher efficiencies is highly important and currently efforts are underway to 
achieve higher efficiencies up to 30%. 
These direct band gap semiconductors have several advantages compared to indirect band 
gap semiconductors. A very thick material of layer is needed to achieve sufficient light 
absorption as semiconductors with indirect band gap do not absorb light as efficiently as 
those with direct band gap [31]. As an example, direct band-gap semiconductor-GaAs 
requires 1 µm of layer thickness as compared to indirect band-gap semiconductor-






Different layers are deposited in the fabrication process which include contact, absorber 
layer, reflector and window layer. The processed quality of the layers and their interfaces 
determines the overall efficiency of final such layers [33]. The Molybdenum (Mo) back 
contact layer, which is the layer after the CIGS layer, acts as an optical reflector to increase 
the amount of absorption by reflecting the light back into the CIGS layer in the solar cell 
[34], [35]. The advantages of using Mo as a back contact material include: 
1. No strong reaction with CIGS. 
2. Formation of a low-resistivity ohmic contact with CIGS. 
3. No degradation of the conductivity of Mo during the deposition of CIGS at high 
substrate temperature. 
4. Its conductivity is high. 
5. It is mechanically stable during CIGS growth (selenization) [36]–[42]. 
The material of which the substrate is made up of could be expensive rigid glass or flexible 
metal/polymer. However, the production of a majority of commercially available thin-
film solar modules is on rigid glass substrates. This being said, due to the low thickness 
of thin-film solar cells, processing on flexible, light-weight substrates like metal foils and 
polyimide films is possible [43]. Several related studies have been carried out on flexible 
substrates, such as steel foils [41], enameled steel [44], polyimide [45], ecologic ceramic 
[46] and ultra-thin glass substrates [29]. These studies and several others have resulted in 
an increase in the highest efficiency achieved till now on glass substrates to 23.35% [12]. 





substrates have shown that the usage of flexible polyimide substrate can significantly 
reduce the efficiency gap between Si-wafer based cells and CIGS solar cells. Using 
flexible polyimide film, the highest efficiency obtained in 2016 was 18.7% [47]. 
1.4.3 Electrodeposition Method for the Fabrication of CIGS Thin-Film Solar Cells 
There are two main ways to electrodeposit CIGS thin-films which are: 
1. Codeposition method: Deposition of all the CIGS layers in one step. 
2. Multiple-step method: Deposition of the CIGS layers in multiple steps. 
Due to the difficulties posed by vacuum based methods such as being rather expensive 
and posing challenges in controlling the compositional homogeneity for producing a 
large-area CIGS thin film, non-vacuum based methods have been developed and several 
studies have been conducted on them. Non-vacuum based methods include chemical bath 
deposition [10], spray deposition [11], and electrochemical deposition. Electrodeposition 
is done to modify the surface properties of the metal and it involves the process of coating 
a layer on one metal on a different metal. Electrodeposition has several merits and can 
achieve several objectives. These include achieving the desired electrical and corrosion 
resistance, decrease wear and friction and advance heat tolerance. In addition to this, 
electrodeposition is an essential process for the development of semiconductor thin-films 
and nanostructures, which include in particular chalcogenides and oxides. This being said, 
researchers are still facing it challenging to achieve adequate thickness, composition and 
optical properties for the electrodeposited CIGS [48], [49]. 
As previously stated, deposition of metals and metallic alloys at the industrial level can 





researched upon process for this purpose. Zn electroplating for large area surface 
treatment apply the principles of electrochemistry for their fabrication. Other applications 
include more advanced procedures such as Cu deposition on chips, magnetic heads and 
the like. A big application of electrodeposition in the industry is the fabrication of thin-
film absorber layers. Electrodeposition is a low-cost method for the fabrication of the 
absorber layers. Another advantage of electrodeposition as a method of fabrication for 
CIGS thin-film solar cells is that it allows for the deposition of uniform large-area 
materials. Thirdly, to obtain desired electrical and chemical properties, it also allows for 
easy adjustment of the films. It is due to these advantages in application that 
electrodeposition has become a very suitable method for the fabrication of thin-film solar 
cells. Initially, studies were carried out on CIS film and later on gallium was introduced 
to this CIS layer forming CIGS. The first electrodeposition of a CIS film was reported by 
Bhattacharya [50]. The principle behind the electrodeposition process is that the applied 
potential to the system should exceed the standard reduction potential of copper, indium, 
gallium or selinium in order for the metal ions to be converted to metal atoms and be 
deposited on the cathode surface [8]. 
Electrodeposition of CIGS is possible via a one-step or a multiple-step process. In order 
to achieve the one-step process, the pH and concentration of the electrolyte should be 
adjusted in such a way that the electrode potential of all the individual elements come 
closer to each other. Moreover, additives such as complexing agents can be introduced to 
assist in reducing the gap of reduction potentials of the different elements in the single 
bath for better codeposition of the elements. For the two-step process, two different 





structure deposition of pure elements can be done. The second approach is that binary or 
even ternary films can be deposited. These processes are followed by 
sulfurization/selenization treatments. The method that is preferred is one-step deposition 
as it reduces harmful emissions and also simplifies the deposition process. The advantages 
of the electrodeposition process include [51], [52]: 
1. Low equipment and material costs. 
2. High deposition speeds. 
3. Resourceful utilization of raw materials. 
4. Feasibility for fabricating large-area films. 
Another advantage of the electrodeposition process is that it could also be used in the 
deposition of films on substrates with various shapes and forms such as wires, tapes, coils 
and cylinders [53]. The success rate of the deposition of the CIGS absorber layer via 
electrochemical deposition is very high due to intensive research being carried out in the 
field and conduction of pilot scale processes for the deposition [7], [22], [24], [49], [54], 
[55]. Apart from studying the different parameters that can affect the electrodeposition 
process, researchers have also examined and studied the thickness of the deposited layer 
and the factors that affect it. For example, Duchatelet et al. studied the impact of reducing 
the thickness of the CIGS deposited layer on the performance and efficiency of the CIGS 
thin-film solar cells. In order to reduce the thickness, it is not merely enough to reduce the 
deposition time of the CIG layers without changing the composition and deposition 
parameters of the deposited layers. The authors in their paper studied three different 





that by increasing the Ga content in the layer, it was possible to significantly improve the 
open circuit voltage in electrodeposited ultrathin CIGS solar cells. The authors observed 
that as the thickness is reduced, the efficiency of the CIGS solar cells also decreases, which 
was concluded from the result that for a 0.37 µm thickness layer, an efficiency of 8.7% 
was recorded [56].    
Electrodeposition process is difficult to control when compared to the co-evaporation 
process, even though as previously discussed it has the added advantage that it is an 
inexpensive method for the fabrication of CIGS thin-film solar cells. Thus, it is vital to 
develop methods to control this process effectively and efficiently. This thesis is an 
elementary study of electrodeposition process for the production of CIGS thin-film solar 
cells which includes study of the cyclic voltammograms of Cu-In material, SEM and XRD 
characterization of the deposited layer, an elementary study on the effect of changing the 
pH on the deposition process and the cyclic voltammogram, depositing the layers using 
constant deposition process and studying the effect of adding different complexing agents 
to the system namely trisodium citrate and EDTA. 
1.4.4 A Summary of Past Studies Conducted on Electrodeposition Process to      
Deposit CIGS Thin-Film Layers 
CIGS is a quaternary chalcopyrite compound. CIGS is one of the most auspicious material 
for fabrication of high efficiency thin-film solar cells [57]. Several studies have been 
conducted on the topic of electrodeposition process for the fabrication of CIGS thin-film 
solar cells in order to achieve the maximum possible efficiency for them. CIG alloys are 
a precursor layer for the formation of CIGS thin-film solar cells. Ribeaucourt et al. were 





acid conditions (pH=2). Constant deposition (potentiostatic) process is used to deposit the 
layers followed by annealing under Se atmosphere. Other aspects of electrodeposition of 
CIGS thin-films were also studied such as the usage of complexing agents such as 
trisodium citrate and apart from this, single, binary and ternary electrodeposition systems 
were also studied for the deposition of CIGS layers. The speciation studies conducted on 
the layers indicated that Cu-In and Cu-Ga electrodeposition proceeds mainly due to the 
formation of binary phases. From Scanning Electron Microscopy (SEM) studies, a 
dendritic growth was observed. The authors concluded that with intermediate thermal 
treatment, dense absorbers with adequate properties could be observed [58].  
Another study conducted in this area involve an atmospheric-based deposition process of 
CIGS synthesis. Efficiency of 12.4% was achieved using this process. It involved 
electrodeposition of a Cu-In-Ga mixed oxide/hydroxide layer from an aqueous solution, 
at room temperature, followed by thermochemical reduction and selenization. A nitrate 
based electrolyte solution was used to carry out the process and it involved not using any 
complexing agent. Using this novel process had some advantages which can obviously be 
observed from the higher efficiency. Some of the advantages of using this process are 
faster growing rates and precise control of composition. These faster growing rates were 
due to the usage of one step co-deposition of the three elements. The CIGS phase is 
obtained after selenization. From the results, the suitability of the CIG oxide/hydroxide 
layer was ascertained for the electrodeposition and selenization process. This study 
introduced its researchers and audience to a new path for enhanced wet technologies (non-
vacuum fabrication method) and more cost reduction. This electrodeposition path was 





Cu(In,Ga)Se2 solar cell prepared from one step electrodeposited Cu–In–Ga oxide 
precursor layer [24].  
Several researchers have studied different parameters affecting the electrodeposition 
process in the past. One of such researchers were Londhe et al. and the parameter that they 
investigated was the effect of electrodeposition potential on the growth and properties of 
CIGS layers. This paper involved the deposition of CIGS thin-film solar cells using one-
step electrodeposition from non-aqueous bath. From the results of XRD examination, the 
authors concluded that films deposited at lower potentials of -0.9 V vs. Ag/AgCl 
demonstrated that the growth of CIGS favored (112) crystal orientation, whereas the films 
deposited at -1.6 V vs. Ag/AgCl showed orientation along (220/204). The general 
conclusion was that films deposited at -0.9 V vs. Ag/AgCl with (112) orientation 
demonstrated lower efficiency compared to films deposited at -1.6 V vs. Ag/AgCl with 
(220/204) orientation [59].  
Another paper’s main research was focused on achieving higher efficiencies of up to 
15.8% in Mo/CIGS/CdS/i-ZnO solar cells terminated with an electrodeposited ZnO:Cl 
window layer. ZnO has superior structural and optical properties which is why it is used 
for transparent conductive oxide applications. The distinctive and special thing about this 
research was that previously the more cost-intensive sputtering technique utilized to 
synthesize ZnO front contact of the CIGS thin-film solar cell; but in this research the low-
cost electrodeposition technique is utilized for its synthesis [55]. Another paper reported 
efficiencies of 20% for Mo/CIGS/CdS/i-ZnO/ZnO:Al structures terminated with a 





achieving efficiency of 11.7% in CIGS-based solar cells fabricated directly using the 
electrodeposition process and eliminating the expensive physical vapor deposition step. 
Stacked Cu/In/Ga layers were used to electrodeposit CIGS absorber layers [60]. A 
different study also conducted by Bhattacharya and others reported CIGS precursor thin-
films prepared via electrodeposition on molybdenum substrates. An efficiency of 12.3% 
was achieved using precursor electrodeposited CIGS layers for ZnO/CdS/CuIn1-xGaxSe2 
device. In addition to this, other researchers have discussed efficiencies of 15.4% and 
12.4% for Electrodeposited (ED) and Electroless (EL) deposited precursor layers. The 
composition of the final film for this research was adjusted by a physical vapor deposition 
step. From the results, it was concluded that both ED and EL are fast and simple processes. 
Moreover, high-quality CIGS thin-film absorbers for solar cells can be formed from 
binary or multinary precursors which in turn are synthesized using these methods. Novel, 
fast, and low-cost methods for solar-cell absorber growth, and eventual module fabrication 
is possible due to the promising quality of CIGS-based films and devices prepared from 
ED precursors [61]. The National Institute of Advanced Industrial Science and 
Technology (AIST) reported very high efficiency of 22.9% for laboratory-scale CIGS-
based solar cells prepared by the two-step process [62]. NEXCIS was able to synthesize 
CIGS solar cells via electrodeposition followed by thermal treatment under atmospheric 
pressure with cell and absorber efficiencies of 17.3% and 14% respectively [63]. The 
conversion efficiency of solar energy to electricity is dramatically altered by slight 
variation in stoichiometric composition resulting in significant variations in the 
conductivity [64]. Researchers have in the past and present endeavored to study the factors 






1. The fabrication process of the CIGS has been standardized and by doing so the 
efficiency has been increased by increasing the quality of the film deposited. 
2. Cleaner materials, procedures and working environments are used. 
3. Variation in the selenium flow rate; higher selenium flow rates give higher 
efficiency of the solar cells by improving their surface morphology. 
4. Making small adjustments to the cell stack to achieve best and desired performance 
of the solar cell. 
5. Processing conditions were optimized; A better fill-factor and improved open-
circuit voltage were achieved by optimizing processing conditions. 
6. Material loss was also reduced which in turn reduced production costs. 
1.4.5 Past Studies on Growth Mechanism 
Authors Carbonnelle and Lamberts studied the formation of copper selenide from a binary 
acid bath containing Se(IV) and Cu(II) by the electrodeposition process in a voltammetric 
study. Based on the experimental results, a qualitative (based on type rather than size) 
scheme was proposed for the formation of CuSe. This study was conducted back in 1992 
and was an elementary study as well as the first step in understanding the mechanism of 
copper selenide electrodeposition to understanding the copper indium diselenide 
deposition from a ternary bath. Copper selenide is an intermediate or precursor for the 
formation of copper indium diselenide deposition which makes this study particularly 
interesting [65].  





by Calixto et al. The growth mechanism studies and conclusion in the research were 
formed from collecting cyclic voltammetry, composition and GIXRD data from 
experiments. According to the authors, at a bath pH of approximately 2.5, hydrogen 
selenide was the most likely phase of the dissolved selenium ions. The authors stated that 
the formation of In2Se3 is possible when the liberated H2Se reacts with aqueous indium 
ions. This In2Se3 will in turn react with Cu(2-x)Se and rapidly assimilate into the growing 
CuInSe2 due to favorable free energy of formation. In addition to this, copper further 
generates more CuSe2 through reaction with H2Se and other Se species. It is very 
interestingly noted by the authors that the inclusion of Ga uptake into the growing films 
may occur via a similar mechanism to In uptake, via the formation and assimilation of 
Ga2Se3 [66]. 
Researchers in the past such as Chassaing et al. have determined the deposition 
mechanism of the CIGS absorber layers through voltammetric investigation using a 
rotating disk electrode. The nucleation and growth mechanism taking place during co-
electrodeposition of Cu-In-Ga oxide/hydroxide films is initially triggered by the formation 
of 3D nuclei of metallic copper on the Mo electrode. The formation and growth of Cu-In-
Ga oxide/hydroxide films is encouraged by these nuclei. An increase in pH leads to the 
precipitation formation of Cu-In-Ga hydroxide which enables the reduction of nitrate 
catalyzed from freshly deposited copper. The oxide film is reduced to metallic phases after 
the heat treatments under hydrogen atmosphere. The presence of Cu-In-Ga phase, metallic 
In and GaMo3 phases is assured and indicated by performing XRD characterization on the 
sample layers deposited. In order to achieve better incorporation of Ga into the CIGS layer 






In a very interesting study conducted in 2016, Yeh et al. studied a plausible growth 
mechanism of the CIGS film. This plausible growth mechanism is illustrated in Figure 1. 
The structure of the Cu/Ga/Cu/In/Cu/Mo-glass sample is stacked and layered and upon 
pre-alloying at 150ᴼC, an important effect is noticed in the formation of Cu-In, Cu-Ga, 
Cu-In-Ga, InmGan, elemental Cu, and In phases in the alloyed precursor film. At 250ᴼC, 
the alloyed precursor film is selenized and resultantly, CIS/CIGS phases are generated 
from Cu-In, Cu-Ga and Cu/InmGan phases. Cu2Se and InaSeb phases are selenized from 
elemental Cu and In, respectively. It is also worth noting here that some crystalline 
metallic phases such as Cu11In9 and elemental In phases are still observable in the film. 
Further progress towards achieving the desired composition of CIGS film is made by 
setting the selenization temperature to 350ᴼC. At this temperature, the CIS and CIGS 
phases are formed along with Cu2Se still existing in the sample. On increasing the 
selenization temperature to 450ᴼC, the phases that contain Ga are completely selenized 
and another distinct layer is formed by them below the CIS/CIGS layer. Next, additional 
thermal annealing at 550ᴼC in Ar is done to significantly reduce the Cu2Se phase. The 






Figure 1: A plausible growth mechanism of a sequentially electrodeposited CuInxGa1-
xSe2 thin-film selenized in RTP [68] 
 
1.4.6 Past Studies on Cyclic Voltammetry 
Theory of cyclic voltammetric studies: 
Cyclic voltammetry is commonly used to investigate the oxidation and reduction 
processes of molecular species. Cyclic voltammetric studies can be used to study the 
extent of hydrogen evolution reaction and also more information can be retrieved 
regarding the specific behavior of each element in CIGS cells. The equilibrium potential 
obtained using the Nernst equation should match the peaks at the reduction potential 
obtained from cyclic voltammograms taking into consideration all conditions such as pH 





potential in a cyclic voltammogram including pH and complexing agent. Complexing 
agents shift the reduction potential for the different elements towards each other. The 
equation below is the generalized Nernst equation and relates the potential of an 
Electrochemical cell (E) to the standard potential of a species (Eᴼ) and the concentration 
of the Oxidized (Ox) and Reduced (Red) analytes in the system at equilibrium [69]. 








F = Faraday’s constant (96500 F) 
R = Universal gas constant (8.314 J/K mol) 
n = number of electrons 
T = Temperature (K) 
 





Figure 2 shows a typical diagram for a cyclic voltammogram. The figure shows oxidation 
and reduction peaks as well as the cathodic (reduction) peak potential, anodic (oxidation) 
peak potential, cathodic and anodic peak current.   
The selection of copper, indium, gallium and selenide material for the formation of thin-
film solar cells is due to their good conductivity and feasibility to be used as a thin-film 
solar cell material. Therefore, to further understand the deposition process and to be able 
to more effectively deposit the CIGS thin-film solar cells and increase their efficiency in 
the conversion of solar energy to electricity, several cyclic voltammetry studies have been 
conducted on unitary, binary, ternary and quaternary systems of copper, indium, gallium 
and selenide. Alcanfor et al. studied the effect of changing the temperature (25, 45, 65 and 
80ᴼC) at 25 mVs-1 [71]. In the cyclic voltammograms conducted by the researchers, there 
was a single reduction peak observed in the forward scan (cathodic sweep). This peak was 
attributed to the electrochemical reduction of In3+ species to elemental In. The authors 
concluded that the electrodeposition process is controlled by a nucleation-growth 
mechanism as the electrodeposition of In on Cu substrate requires an overpotential to start 
the nucleation and growth of the bulk In film. This was concluded as a result of the fact 
that a cathodic current crossover loop between the forward and reverse sweep was 
observed at all temperatures in the cyclic voltammograms of the deposition of the metals. 
Alternatively, the peak in the oxidation process corresponds to the removal of the 
electrodeposited In. The fact that the anodic (oxidation) current peak was smaller than the 
cathodic (reduction) current peak indicated that the In coating was only partially removed 
in the reverse sweep. From the results of the study, the researchers concluded that the 





rate of In electrodeposition increases with the working temperature [71]. The study 
conducted by Huang et al. was on the electrodeposition of indium from sulphate solution 
on a PVD copper seed [72]. For the cyclic voltammograms, one cathodic current peak and 
three anodic current peaks were observed in the potential range used in the study. The 
deposition of indium is corresponded by the cathodic current peak. The stripping of 
indium is corresponded by the first anodic current peak. The stripping or anodization of 
two different, nobler materials is indicated by the two other anodic peaks which are 
situated at more positive potentials [72].  
In addition to the above studies, researchers have also been involved in studying the effect 
of adding different complexing agents on the electrochemical behavior of the elements. A 
study was carried out by Yanquing et al. on the effect of adding sodium citrate complexing 
agent on the cyclic voltammograms of unitary, binary, ternary and quaternary systems of 
CIGS. Cyclic voltammograms of copper (II) chloride solution with and without the 
presence of the complexing agent were studied. It was found that copper (II) chloride 
solution containing trisodium citrate shifted the potential to more negative values and the 
maximum height was less when compared to copper (II) chloride solution without 
trisodium citrate complexing agent. This is due to the formation of a complex compound 
by the combination of a citrate anion and a copper cation. There is no significant effect of 
Na-citrate on the cyclic voltammogram of InCl3 in terms of the difference in the reduction 
potential of In3+ in both the solutions. There is only very weak complexation of the citrate 
ion and In3+ which means there is no shift in the In3+ peak caused by the citrate component. 
Surprisingly, the authors of this paper did not find any peak for the reduction of Ga3+  to 





was no peak found corresponding to the reduction of Gallium ions in the cyclic 
voltammograms, it was concluded that there was no evidence that Gallium was 
electrodeposited on the electrode surface. The conclusion here was reached that it is very 
difficult to achieve the electrochemical insertion of gallium in an electrolyte bath owing 
to the highly negative reduction potential of Ga. In the cyclic voltammograms of this 
research study, the reduction peak for selenium was too weak to discern. However, from 
the cyclic voltammograms it was discerned that the citrate component can significantly 
shift the reduction potential of H2SeO3 towards the negative direction [73]. 
The cyclic voltammetry of unitary, binary, ternary and quaternary compositions of copper, 
selenium, indium and gallium were studied by Viswanathan et al. and were compared at 
different concentrations [66]. There were four peaks observed in the cyclic 
voltammograms, the first two were copper reduction peaks, the third was the surface 
oxide’s reduction peak and the fourth corresponded to the hydrogen evolution process. 
The four concentrations studied were: bare, 10 µM, 50 µM and 100 µM of the respective 
solutions of copper, indium, gallium and selenide. It was observed that at higher 
concentrations of greater than 50 µM, the first two reduction peaks along with the 
corresponding oxidation peaks were highly noticeable. Only the copper reduction peak at 
concentrations less than 50 µM were noticeable. At higher Cu2+ concentrations, copper 
deposits formed can completely cover the oxide surface. As a consequence to this, the 
active sites on the oxide surface were less available for the redox potential associated with 





1.4.7 Past Studies on the Effect of Different Parameters on the Electrodeposition of 
CIGS 
CIGS can be electrodeposited in stoichiometric amounts (Cu:25%; In:12.5%; Ga:12.5%; 
and Se:50%) by the usage of appropriate additives/supporting chemicals, complexing 
agents and by optimizing the pH of the electrolyte due to wide differences in equilibrium 
potentials of Cu, Se, In and Ga. One study concluded that in order to incorporate additional 
In and Ga in the CIGS, researchers need to change the potentials to higher negative 
potentials than -0.9 V vs. Ag/AgCl. The pH of the electrolyte has an important effect to 
reduce the electrodeposition potential due to the availability of OH- ions which either 
forms a complex with noble elements or reduce the open circuit potentials [74]. The rate 
of deposition can be increased by controlling the thickness of the film, particle size, and 
stoichiometry [75]. Below the effects of different parameters on the electrodeposition of 
CIGS have been discussed: 
1.4.7.1 Effect of Adding Supporting Electrolyte 
In one study, the effect of the nature of the supporting electrolyte (sodium sulfate vs. 
sodium chloride) was studied through speciation diagrams, cyclic voltammograms and 
SEM characterization on unary, binary and ternary systems of Cu-In-Ga by Ribeaucourt 
et al. It was concluded by the authors that the nature of the supporting electrolyte had a 
marked effect on the cyclic voltammograms. There was a difference in the two supporting 
electrolyte solutions’ species distribution. Chloride bath was found to have a higher 
solubility of In(III) and Ga(III) ions at pH 2.15 where both electrolytes were found to be 
stable [58]. The nature of the electrolytes also affects the morphology of the layers. Since 





dendritic growth. Since copper deposition is mass transfer limited in sulphates, the 
dendritic growth is observed to be less. Lithium sulphate was used as a supporting 
electrolyte by Vishakha et al. to bring the deposition potential of all species closer for a 
better co-deposition of Cu, In and Se [76]. Researchers in the past have also used lithium 
chloride to control the ionic conductivity of the bath and as a pH adjuster [77]. In addition 
to this, Lithium chloride also assisted in incorporating more Ga in the precursor and to 

















1.4.7.2 Effect of Adding Buffering Agent 
The purpose of buffering agents is to help in buffering the aqueous solution to an adequate 
pH and to bring the deposition potential of copper toward the negative direction. Lee et 
al. tried to study and find out the optimal concentration of two buffering agents, Sulfamic 
acid and Potassium hydrogen phthalate by using them in varying concentrations (from 0 
to 10 mM) [78]. The concentration of the buffering agent was found to affect the 
composition and quality of the thin films and the buffering agent used by Pern et al. in 
their study was Ethylenediamine. Copper-rich films were deposited due to a higher 
deposition rate because of a decrease in ethylenediamine concentration [79]. On the 
contrary to all these advantages, usage of pH buffer solution also results in poorer 
morphology than non-pH buffered baths. Denser and smoother CIS films result from non-
pH buffered baths according to Sene et al. Therefore, non-pH baths are preferred for best 
devices [80].  
1.4.7.3 Effect of Adding Complexing Agents 
The purpose of adding a complexing agent are numerous and include: 
i. It increases the viscosity of the salt solution for usage in deposition 
techniques other than spraying. 
ii. It prevents the formation of oxides of Cu, Ga and In in the alkaline pH 
regime. 
iii. It chelates with metal ions in Cu-Ga and Cu-In phases. 
iv. It improves the surface morphology of the films by reducing the number 





v. For a better co-deposition environment, it brings the deposition potentials 
of the metal species closer to each other. 
vi. It improves the crystallinity of the CZTS/CIGS thin films. 
The most attractive complexing agent used in a majority of research work nowadays is tri-
sodium citrate. Researchers Lia et al. through cyclic voltametric studies proved that the 
citrate ions produced a complexing effect on Cu2+ and H2SeO3. Their results also showed 
that the citrate ions did not have any effect on In3+ in the electrodeposition of CuInSe2. In 
addition to this, the environmental concerns associated with citrate are minimal as citrate 
is non-toxic and readily available [73].  
The effect of trisodium citrate as a complexing agent on the electrodeposition of pure 
copper, indium, selenium and of their ternary alloy was studied by Charaibi et al. [81]. 
Authors observed that the crystallinity of the final product is improved by the presence of 
citrate in the electrolyte. The deposition of several thin films including Cu-Ga, Cu-In, Cu-
In-Ga, In-Se, Ga-Se and Cu-In-Ga-Se obtained from alkaline plating solutions containing 
complexing agents was studied by Serdar et al. Solubilization of Cu, In and Ga ions took 
place by the complexing agents at high pH, enabling preparation of electrolytes to obtain 
adherent and high quality metallic films with controllable molar ratios. No appreciable 
complexation seemed to occur between Se and the complexing agents [82].  
In order to prevent these formation of oxides, complexing agents are needed. In another 
paper, the effect of using different suitable acids such as oxalic acid, acetic acid and 
hydrochloric acid as complexing agents was studied by Sun et al. [106]. Due to the 





that oxalic acid was the most effective additive. 
1.4.7.4 Effect of Changing the Deposition Potential 
Sang et al. conducted studies on the variation of composition and morphology of the 
deposited films with applied potential [83], [84]. The cyclic voltametric results show that 
the composition is dependent on the potential. According to the results obtained by Sang 
et al., for certain concentrations of the electrolytes (specifically 20 mM CuCl2, 30 mM 
InCl3, 40 mM Ga(NO3)3, 20 mM H2SeO3 and 350 mM LiCl), as the deposition potential 
is decreased to -0.5 V vs. Ag/AgCl, the concentration of copper increases and then it 
decreases as the deposition potential further decreases. Copper is expected to deposit and 
exhibit its peak at a potential of -0.4 V. In deposits at a negative potential above -0.7 V. 
Researchers observed that for In, the potential decreased the concentration of the 
deposition rises rapidly to a maximum of 18.14% at -1.0 V. In insertion can be achieved 
at -0.5 V, that is more positive than the desired deposition potential of Ga. The potential 
range of -0.8 to -1.0 V is the best choice for obtaining films with the desired and stable 
stoichiometry [84]. 
1.4.7.5 Effect of Bath Parameters on Grain Morphology 
An improvement in current results in a decrease in grain boundaries and defects. 
Homogeneous grain composition and narrower grains are resulted from cells grown from 
the co-evaporation method. Large sized grains occur in copper rich CIGSe. A copper rich 
step produces large sized grains via recrystallization due to active recombination at grain 
boundaries [85]. With higher annealing temperature, the surface roughness tends to 





and nucleation by proper choice of variable such as amplitude of pulsed current potential 
can be achieved by using a new method called Pulsed Current (PC) electrodeposition, in 
comparison to DC electrodeposition. With increasing Ga content, the grain size and grain 
boundaries of CIGS layers decreases. The diffusion of sodium from Soda-Lime Glass 
(SLG) substrates is easy and helps in increasing the efficiency. The grain size and texture 
during growth is increased by the presence of sodium. However, at high doses, 
incorporation of sodium leads to small grain sizes and porous films and is detrimental for 
cell performance. 
1.4.7.6 Effect of pH  
Several factors affect the electrodeposition process. These include the dissolution of the 
freshly deposited metal atoms on the substrate because of acidic electrolyte, formation and 
absorption of metals. These factors help in the understanding of the effect of pH on 
electrodeposition process [87]. The dissolution of freshly deposited metals and adsorption 
of metal hydroxide is favored at lower pH value (1.2) as compared to higher pH values 
(2.5) as stated by Rohom et al. [88]. Indium deposition is also suppressed by a low pH. In 
addition to this hydrogen evolution occurs at lower cathodic potential. Certain properties 
of CIS film are greatly influenced by the pH of the bath such as structural, morphological, 
optical, compositional and electric properties. The effect of pH on film properties such as 
thickness and quality were studied by Calixto et al. On increasing the pH, it was observed 
that the thickness decreased. On the other hand, a low pH of the bath results in hydrogen 
evolution reaction at the lower cathodic potential and therefore, may not be suitable to 





reaction helps in passivating the oxidation of precursor layer during the growth. On the 
other hand, heavy hydrogen evolution prepares amorphous, powdery, and patchy films 
with very rough surface. The effect of pH was discerned on the electrodeposition potential 
of the stoichiometric CIS films and was found to have been shifted towards higher 
cathodic potential as the pH of the bath increases [88].  
1.4.7.7 Effect of Deposition Time 
The morphology and particle size of the products is greatly affected by the deposition time 
as observed by Esmaeili et al. through their experiments. It was concluded from this 
research that as the deposition time increases from 30 to 40 minutes, crystallinity of the 
as-prepared products is decreased. As the deposition time increases from 30 to 60 minutes, 
the size of obtained nanostructure is increased. By prolonging the reaction from 30 to 45 
minutes, aggregated CIGS flower-like nanostructures were produced instead of CIGS 
nanoparticles. It is clear that the deposition time is a function of CIGS grain size growth 
from SEM images. Cross-section micrographs indicate that increasing of deposition time 
can lead to increasing of CIGS layer thickness [89].  
1.4.8 Electrodeposition of CIS 
Electrodeposition is a low-cost, low-temperature alternative approach to vacuum-based 
methods for the deposition of CIS thin-films with the capability for large-area processing 
[90]–[92]. Alloying CuInSe2 with CuGaSe2 can produce tetragonal chalcopyrite lattice 
structure CIGS [93]. For all the techniques present for the deposition of CIS thin-films, 
the control of stoichiometry of ternary CIS materials is a challenging task. Vacuum phase 





need to considered when scaled to commercial processing [93]. Versus the normal 
hydrogen electrode, NHE, the standard reduction reactions for Cu, In, and Se ions are as 
followings [94]: 
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3+) = −0.338 + 0.0197𝑙𝑜𝑔𝑎𝐼𝑛2+   
𝐻2𝑆𝑒𝑂3(𝑎𝑞) → 𝐻𝑆𝑒𝑂2
+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞) 
𝐻𝑆𝑒𝑂2








3 ) = 0.74 + 0.0148𝑙𝑜𝑔𝑎𝐻𝑆𝑒𝑂2
+ − 0.043𝑝𝐻 
 
These represent the Nernst equation where E is the potential, R is the ideal gas constant, 
F is the Faraday’s constant.  
Sputtered Molybdenum (Mo) coating is the main choice as the back electrode to be used 
for a vacuum-processed CIS/CIGS solar cell due to its good electron conductivity, optical 
reflectance, high work function, and great ohmic contact behavior [95], [96]. The structure 
and properties of both the vacuum-processed and electroplated CIS/CIGS coatings are 





the understanding of the optical and electrical properties, as well as the microstructure of 
Mo coatings and their effect on the structure of an adsorption CIGS layer and the overall 
efficiency of the CIGS solar cell [97].  
Chalcopyrite CIS films are one of the most vital semiconductor materials in developing 
polycrystalline thin films of solar cell structures mainly owing to its high optical 
absorption coefficient (approximately 105 cm-1), direct band gap (1.04 eV), long term 
optoelectronic stability and proper charge densities [98]. In addition to this, ternary 
semiconductor material has either n- or p-type conductivity, depending on the synthesis 
method and the composition of the constituent elements in the structure. A disadvantage 
for the usage of electrodeposition process for the formation of CIS thin layers is the 
formation of undesirable secondary phases with chalcopyrite phase in CIS 
electrodeposited films such as C2-xSe, In2Se3 [99]. Since there could be adverse effects 
due to selenization using the annealing method, one step electrodeposition could be the 
best way to deposit CIS layers by which the harmful selenization step could be avoided 
[93]. It is surprising to note that although considerable work on the electrodeposition of 






 Chapter 2: Experimental  
2.1 Preparation of Electrolyte 
2.1.1 Using Trisodium Citrate as a Complexing Agent 
The electrolyte solution for the electrodeposition process is prepared using very simple 
means. First, the bottles and other equipment are cleaned using acetone and distilled water 
and then dried. 70 ml of deionized water is then added to the graduated bottles using a 
graduated cylinder. 300 mM of either copper (II) chloride (4.0335 g) or indium (III) 
chloride (6.6354 g) powder or both are measured out using a weighing boat, spatula and 
top pan balance. 700 mM of trisodium citrate (18.0642 g) is measured out similarly and 
dissolved in the 70 ml of deionized water. The remaining volume of deionized water is 
then added to reach the 100 ml mark. Next, the elemental compound/s is/are dissolved 
into the mixture. The bottle is well-shaken or a stirrer is used to completely dissolve the 
powder. For indium deposition, every time the experiment needs to be carried out, a 
freshly prepared indium (III) chloride solution needs to be prepared. It seems that the 
solution expires after a few days and therefore a new fresh solution needs to be prepared. 
2.1.2 Using EDTA as a Complexing Agent 
Exactly the same procedure is followed for Ethylenediaminetetraacetic Acid (EDTA) as 
a complexing agent, except the concentrations of the substances are as follows: 
i. Concentration of copper (II) chloride used: 50 mM.  
ii. Concentration of indium (III) chloride used: 50 mM.  





2.1.3 Preparation of Electrolyte to Study the Effect of Altering the pH 
The pH of the electrolyte is changed to 2 and 3 with the initial pH being 4.8 by adding 
few drops of Hydrochloric acid (37% concentration) to the binary electrolyte. Care must 
be taken to handle this highly concentrated HCl acid in a fume cupboard and wearing 
appropriate PPE due to its corrosive nature and highly pungent odour. 
2.1.4 Checking the Stability of the Baths Prepared 
With the aim of checking the stability of the electrolyte solutions prepared, they were 
stored for at least 20 days at room temperature and pressure and their final stability at the 
end of 20 days was observed before usage. Since most of the solutions prepared using 
tartaric acid had precipitated, it was decided to not proceed with tartaric acid 
experimentation. Increasing the pH to more than 5 using NaOH pellets also produced 
immediate precipitation and therefore, exceeding pH 5 experimentation was not 
proceeded with. For all other solutions, during this period no signs of oxide or hydroxide 
precipitates were observed. 
2.2 Calculations 
2.2.1 700 mM of Trisodium Citrate 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 700 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡𝑟𝑖𝑠𝑜𝑑𝑖𝑢𝑚 𝑐𝑖𝑡𝑟𝑎𝑡𝑒 = 0.7
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟





𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑟𝑖𝑠𝑜𝑑𝑖𝑢𝑚 𝑐𝑖𝑡𝑟𝑎𝑡𝑒 = 0.07 𝑚𝑜𝑙 ∗ 258.06
𝑔
𝑚𝑜𝑙
= 18.0642 𝑔 
Thus, 18.0642 grams of trisodium citrate is measured out and dissolved in 100 ml of 
deionized water to give 0.7 molarity of trisodium citrate. 
2.2.2 300 mM of Copper (II) Chloride 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 300 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟 (𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.3
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟
∗ 0.1 𝑙𝑖𝑡𝑒𝑟 = 0.03 𝑚𝑜𝑙 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟 (𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.03 𝑚𝑜𝑙 ∗ 134.45
𝑔
𝑚𝑜𝑙
= 4.0335 𝑔 
Thus, 4.0335 grams of copper (II) chloride powder is measured out and dissolved in 100 
ml of deionized water to produce 300 mM of copper (II) chloride solution. 
2.2.3 300 mM of Indium (III) Chloride 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 300 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.3
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟





𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼)𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.03 𝑚𝑜𝑙 ∗ 221.18
𝑔
𝑚𝑜𝑙
= 6.6354 𝑔 
Thus, 6.6354 grams of indium (III) chloride powder is measured out and dissolved in 
100 ml of deionized water to produce 300 mM of indium (III) chloride solution. 
2.2.4 50 mM of Copper (II) Chloride  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 50 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.05
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟
∗ 0.1 𝑙𝑖𝑡𝑒𝑟 = 0.005 𝑚𝑜𝑙 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼)𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.005 𝑚𝑜𝑙 ∗ 134.45
𝑔
𝑚𝑜𝑙
= 0.67225 𝑔 
Thus, 0.67225 grams of copper (II) chloride powder is measured out and dissolved in 
100 ml of deionized water to produce 50 mM of copper (II) chloride solution. 
2.2.5 50 mM of Indium (III) Chloride  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 50 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.05
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟





𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼)𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.005 𝑚𝑜𝑙 ∗ 221.18
𝑔
𝑚𝑜𝑙
= 1.1059 𝑔 
Thus, 1.1059 grams of indium (III) chloride powder is measured out and dissolved in 
100 ml of deionized water to produce 50 mM of indium (III) chloride solution. 
2.2.6 50 mM of EDTA  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 50 𝑚𝑀 




𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 100 𝑚𝑙 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼) 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.05
𝑚𝑜𝑙
𝑙𝑖𝑡𝑒𝑟
∗ 0.1 𝑙𝑖𝑡𝑒𝑟 = 0.005 𝑚𝑜𝑙 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑑𝑖𝑢𝑚 (𝐼𝐼𝐼)𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.005 𝑚𝑜𝑙 ∗ 292.24
𝑔
𝑚𝑜𝑙
= 1.4612 𝑔 
Thus, 1.4612 grams of EDTA is measured out and dissolved in 100 ml of deionized 
water to produce 50 mM of EDTA solution. 
2.3 Experimental Methodology 
2.3.1 Cyclic Voltammetry Procedure 
The electrochemical experiments were performed using Solartron ModuLab XM ECS 
potentiostat and a three-electrode cell, where the reference electrode was a Silver/Silver 
Chloride electrode (SSC) and the counter electrode and working electrode was carbon. 
The electrode is screen-printed electrode from pine research. The electrolyte comprised 
of unitary or binary solutions with the complexing agents in different concentrations. For 









Figure 3: Circular Carbon electrode 
 
The small circular 2 mm in diameter carbon electrode depicted in the Figure 3 was used 
for the experiments. For some initial experiments, the below 5 mm * 4 mm square carbon 
electrodes were used depicted in Figure 4. 
 
Figure 4: Square Carbon electrode 
 
The Cyclic Voltammograms (CV) were recorded at a scan rate of 15 mVs-1 and were 
scanned only in the negative range (-0.001 to -1.5 V). The pH range of the solutions was 
from 2 to 5.5. The number of cycles conducted were 3. The reference, counter and working 
electrodes of the potentiostat were attached to their counterparts on the electrode and the 
electrode was dipped into the electrolyte. Three cycles were obtained. Figure 5 shows the 
setup of equipment used for the experiment: 
Counter 
Electrode: Working  







Figure 5: Experimental setup of the three-electrode cell 
 
The connections in Figure 5 indicate the areas where the working, counter and reference 
electrode connection wires connected to the test cells needs to be connected on the 






Figure 6: ModuLab XM test cells connections for potentiostat tests [101] 
 
A typical diagram for the ModuLab XM test cells connections for potentiostat tests are 
depicted in Figure 6. The following steps need to be undertaken to setup the software 
[101]: 
 Run the ModuLab XM ECS software and select New Project from the File menu. 
A dialogue box will appear as follows in Figure 7:  
 





 In the Name field, type a project name, for example My Project. 
 Make sure the project structure is fully expanded. If collapsed, click on the (+) 
symbol on the project name, and on the sub-items, to expand the project 
structure. 
 
Figure 8: Project window 
 
 Click on experiment tab and then click on setup tab to setup the experiment as 
shown in Figure 8. 
 In the setup window, open the cell setup tab and set the reference from NHE to 
Ag/AgCl, KCl (Sat’d). 







Figure 9: Step window 
 
 Click on DC Voltage control. The following windows appears: 
 





 Select Potentiostatic for constant deposition plots or Cyclic Voltammetry for 
cyclic voltammograms in Figure 10. 
 After clicking cyclic voltammetry, enter the 1st and 2nd vertex level as well as the 
scan rate and no. of cycles in the window that appears as in Figure 11. 
 
Figure 11: Cyclic Voltammetry study setup 
 
 After clicking potentiostatic, specify the voltage at which the experiment needs 
to be carried out and the duration for the experiment as shown in the dialogue 
open in Figure 12.  
 
Figure 12: Constant Deposition setup 
 
 Click the Run tab on the top twice to start the experiment.  





electrode cell in unstirred solutions for 900 s. Electrode surface morphology and 
composition were analyzed using Scanning Electron Microscopy (SEM), Energy 
Dispersive X-ray spectrometer (EDX) and X-ray Diffraction (XRD). 
2.3.2 SEM Characterization Procedure 
A scanning electron microscope facilitates the observation and characterization of 
heterogeneous organic and inorganic materials on a micrometer to nanometer scale. In the 
SEM, the area to be analyzed is bombarded with a finely focused electron beam which 
can be swept in a raster across the surface of the specimen to form an image or can be held 
static at one position to perform quantitative analysis at that position. In the present work, 
Bruker SEM fitted with an Energy Dispersive Spectroscopy (EDS) detector was used. 
SEM-EDS technique was used to obtain the average compositional information from the 
samples. Jeol JSM-6010PLUS/LA analytical Scanning Electron Microscope was used to 
carry SEM characterization. For the SEM-based analysis, the samples were drop dried on 
carbon tape and they were coated gold to avoid charging. Figure 13 shows a typical SEM 
machine. Below are the steps for SEM analysis in detail: 
1. A specimen containing the area(s) of interest is placed within the vacuum chamber 
located at the bottom of the SEM column. 
2. An electron source, located at the top of the column, produces electrons, which 
pass through the column and are incident upon the specimen. 
3. The electron beam is directed and focused by magnets and lens inside of the SEM 
column as it approaches the specimen. 





by the specimen and some to be absorbed.  
5. Specialized detectors receive these electrons and process the signal into a usable 
format.  
6. Typically, the three different detectors used are referred to as: Secondary Electron, 
Backscatter. 
 
Figure 13: Scanning Electron Microscopy Set up [102] 
 
2.3.3 XRD Characterization Procedure 
XRD diffraction (XRD) technique can be performed to obtain detailed information about 
the cystallographic structure, chemical composition, and physics properties of materials. 
It is a nondestructive technique [103]. XRD is a technique used to find out the nature of 





XRD pattern is used for phase identification for a large variety of crystalline phases in the 
concrete specimens [103]. Figure 14 shows a typical XRD machine. Below are the steps 
for XRD analysis using an X’ Pert PRO MRD XL XRD system from Panalytical, Philips, 
Netherland: 
1. The samples to fit the XRD sample holder are prepared 
2. The machine software is followed to collect accurate data. 
3. The data text are converted into excel format. 
 





Chapter 3: Results and Discussion 
3.1 Voltammetric and Constant Deposition Studies for Copper-Indium with 
Trisodium Citrate as Complexing Agent 
Figure 15(a) depicts the cyclic voltammogram of 300 mM copper (II) chloride and 700 
mM trisodium citrate electrolyte solution for unitary copper deposits which indicates a 
reduction peak to be centered at -0.2 V vs Ag/AgCl which can be assigned to the discharge 
of Cu2+ to Cu. Three cycles were conducted in the cyclic voltammetry out of which the 
first one is depicted in the Figure 15. 
 
Figure 15: Cyclic voltammogram for uniray and binary systems of copper and indium. 
(a) 300 mM copper (II) chloride + 700 mM trisodium citrate; (b) 300 mM indium (III) 
chloride + 700 mM trisodium citrate (c) 300 mM copper (II) chloride + 300 mM indium 




























































Figure 15: Cyclic voltammogram for uniray and binary systems of copper and indium. 
(a) 300 mM copper (II) chloride + 700 mM trisodium citrate; (b) 300 mM indium (III) 
chloride + 700 mM trisodium citrate; (c) 300 mM copper (II) chloride + 300 mM indium 
(III) chloride + 700 mM trisodium citrate (Continued) 
 
A few cyclic voltammograms and constant potential deposition plots indicated very low 
currents and the opposite was also observed i.e. too high current density in the plots. This 
was usually associated with connection issues between the wirings and consequently the 
electrode inertness to react with the solution electrolyte. The reduction peak is observed 
at -0.2 V vs Ag/AgCl which corresponds to the potential at which to deposit the copper 
[77]. The pH of the solution of 300 mM copper (II) chloride and 700 mM trisodium citrate 
is 4.86. Even though the reduction peak was found to be at -0.2 V, however, the potential 
chosen for the constant deposition of copper was -0.6 V vs Ag/AgCl to get complete 
deposition. 



















































) = 0.32 𝑉  
 
For a 300 mM indium (III) chloride and 700 mM trisodium citrate electrolyte solution, a 
reduction peak is observed at around -1 V vs Ag/AgCl potential which corresponds to the 
reduction potential for indium element [58]. 























) = − 0.3483𝑉 
 
For a 300 mM copper (II) chloride, 300 mM indium (III) chloride and 700 mM trisodium 
citrate electrolyte solution, two reduction peaks are observed at around -1 V vs Ag/AgCl 
potential for indium reduction and at -0.2 V vs Ag/AgCl for copper reduction. Only 
negative potentials are chosen as at positive potentials, the compound will be further 
oxidized and removal of the deposited metal back into ionic form will take place. On 
comparing the successive cyclic voltammograms, it is observed and evident from these 





successive) voltametric cycles. For the first cyclic voltammogram, the peaks are more 
prominent. This might be due to coverage of nucleation sites by the copper deposits 
corresponding to the first cyclic voltammogram. pH of the solution was around 5.  
When using binary solution, it was observed that the reduction peaks of both copper and 
indium reduced as compared to using unitary solutions. This provides evidence of reduced 
copper and indium cation activity in the solution.  
 
Figure 16: Current density (A/cm2) versus Voltage (V) plot for unitary copper, unitary 



































By comparing the cyclic voltammograms of unitary copper, indium and binary copper-
indium in Figure 16, the reduction order is as follows: first Cu2+; and second In3+. There 
are some differences between the cyclic voltammograms of the unitary copper and indium 
and the binary Cu-In system in separate solutions. Copper reduction peak appears to be 
only slightly reduced in the case of the binary solution which shows that indium might 
slightly suppress the formation of copper. Indium reduction peak also appears to be 
slightly reduced in the case of the binary solution which shows that copper also suppresses 
indium formation to a little extent. The position of the reduction peaks in the binary and 
unitary solutions for both elements did not seem to vary. Samples obtained through cyclic 
voltamettry can not be used for obtaining deposits as these deposits are not of adequate 
thickness and proper composition which is why we conduct constant deposition 
experiments. 
 
Figure 17: Current density (A/cm2) versus time (s) plot obtained for binary electrolyte 
(300 mM copper (II) chloride + 300 mM indium (III) chloride + 700 mM trisodium 































Figure 17: Current density (A/cm2) versus time (s) plot obtained for binary electrolyte 
(300 mM copper (II) chloride + 300 mM indium (III) chloride + 700 mM trisodium 
citrate) at -0.6 V vs Ag/AgCl. (a) the first sample and (b) the second sample (Continued) 
 
Figure 17 (a) and (b) show constant deposits for two samples of binary solution (300 mM 
copper (II) chloride + 300 mM indium (III) chloride +700 mM trisodium citrate) at -0.6 
V vs Ag/AgCl. The current density for the two deposits differs, however both experiments 
produced good deposits on the working electrode. The current density at which the copper 
from the binary solution is deposited is constant for both the samples with maximum 
current density being around -0.9 mA/cm2 for the first sample and -2.5 mA/cm2 for the 
second sample. Both samples were deposited for a time duration of 15 minutes, however, 
the difference in the constant deposition plots of the two deposits might be due to 
difference in other environmental factors and deposition conditions. The current density 
versus time plot for the second sample is not a smooth graph in contrast with the same for 
sample one. This might be due to disturbances in the surroundings or improper 
connections. These plots are for copper deposition using co-deposition environment. Two 

































Figure 18: Current density (A/cm2) versus time (s) plot obtained for binary electrolyte 
(300 mM copper (II) chloride + 300 mM indium (III) chloride + 700 mM trisodium 
citrate) at -0.9 V vs Ag/AgCl. (a) the first sample and (b) the second sample 
 
Figure 18 (a) and (b) depict constant deposition plots showing current density versus time. 
Current density values are adequate to produce sufficient amount of deposits. -0.9 V vs. 
Ag/AgCl is chosen as a deposition potential for the constant deposition for indium in the 
co-deposition environment as according to the cyclic voltammograms for the binary 
solution, this was the deposition potential for the deposit of indium. Deposits produced 
showed a mixture of indium and copper deposits which are further verified using the EDS 
and SEM results. The current density for the first sample is not constant and is actually 
increasing almost constantly to -0.0012 A/cm2. The current density of the second sample 





















































Figure 19: Current density (A/cm2) versus time (s) plot obtained for 300 mM copper (II) 
chloride + 700 mM trisodium citrate at -0.6 V vs Ag/AgCl. (a) the first sample and (b) 
the second sample 
 
Current density versus time plots for 300 mM copper (II) chloride and 700 mM trisodium 
citrate solution at -0.6 V vs Ag/AgCl for both the samples depicted in Figure 19 are quite 
similar confirming the accuracy of the results. The current density was around -0.0004 
A/cm2 and the experiment was running for 15 minutes. Good singular copper deposits 
with adequate thickness were obtained using this deposition period. The current densities 
for both the samples’ plots are constant at around -0.0004 A/cm2 confirming that similar 

























































Figure 20: Current density (A/cm2) versus time (s) plot obtained for 300 mM indium 
(III) chloride + 700 mM trisodium citrate at -0.9 V vs Ag/AgCl. (a) the first sample and 
(b) the second sample 
 
Figure 20 depicts the constant deposition plots for the solution containing indium (III) 
chloride and trisodium citrate. Deposits of adequate thickness for indium were obtained 
at 15 minutes deposition time. Both plots show adequate current density for deposition of 
the element. The current density for sample one stabilizes at around -0.0035 A/cm2 where 
are for the second sample, it is only sufficient enough to cause deposits. However, since 























































3.2 Morphology and Structure Studies 
3.2.1 300 mM Copper (II) Chloride + 700 mM Trisodium Citrate Electrolyte 
Solution 
High resolution scanning electron microscopy micrographs were recorded to investigate 
electrodeposited films of copper, indium and copper-indium. The copper films deposited 
at room temperature consisted meanly of grains with diameter varying about 2-4 µm as 
seen in Figure 21. A few rods are also observed with the mean length 5 µm randomly 
oriented. Grains shape and size is irregular. SEM for copper film deposited at -0.6 V vs 
Ag/AgCl show crystallite structure compared to cauliflower-like structure produced in 
literature which could be a result of different environmental factors and deposition 
conditions [73]. Higher magnifications show bigger grain size. It seems the particles were 
in the initial stages of deposition and perhaps depositing for a greater time period would 
produce better results. Crystalline structure could also be a factor due to no annealing of 
the deposited layer. Similar grain sizes and structure have been reported in literature. As 









            
(a)                                                                     (b)  
            
(c)                              (d)  
                  
(e)  
Figure 21: SEM micrographs for copper deposits. (a)*450, (b)*1700, (c)*2200, 





3.2.2 300 mM Indium (III) Chloride + 700 mM Trisodium Citrate Electrolyte 
Solution 
Indium particles seem to be bigger than copper particles with their average size being 20 
µm as compared to copper average particle size being around 2 µm as seen in Figure 22. 
For indium, litterature has reported densely packed particles whereas these shown in 
Figure 23 are more compact. Shape and size of the particles is more irregular. In litterature, 
grains had more regular circular shape [71]. Having more than one element deposited 
(sodium, chlorine and oxygen) could be a factor as to why we did not get results of SEM 
similar to that in past literature. Washing the final deposits could assist in the removal of 
the unwanted materials. The surface morphology of the Indium deposit also shows cracks 













           
(a)           (b)  
           
(c)         (d)    
               
 (e)           (f)  
Figure 22: SEM micrographs for indium deposits: (a)*60, (b)*1400, (c)*1600, (d)*2200, 








3.2.3 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution at -0.6 V 
SEM depicted in Figure 23 indicates smaller grain size when compared to copper alone. 
This might be as indium’s presence might suppress the formation of copper. Again it 
seems that the particles are in the initial stages of nucleation. The small grains is irregular 
in shape and size. The size ranged from 1 to 3 µm. The surface morphology examination 
from the ×900 magnification shows a lot of cracks on the surface. Having cracks on the 
surface is not recommended and needs to be corrected by altering the deposition 
conditions such as deposition time, pH, concentration of electrolytes and potential. 
            
(a)           (b)  
             
(c)          (d)  
Figure 23: SEM micrographs for copper and indium deposits at -0.6 V. (a)*850, 






3.2.4 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution at -0.9 V 
Figure 24 shows large indium particles as compared to copper deposition in the previous 
case. This means indium has a stronger effect on copper than copper on indium. Grain 
size and shape is irregular and the average size is 5 µm. Similar to the previous SEMs for 
the different deposits, cracks are observed on the surface. From literature, these cracks 
could be avoided by improving the process conditions of the bath such as pH, deposition 
time, deposition voltage, bath composition, bath additives, etc [105]. 
            
 (a)                  (b)  
           
(c)                  (d)  
Figure 24: SEM micrographs for copper and indium deposits at -0.9 V. (a)*1100, 








Figure 24: SEM micrographs for copper and indium deposits at -0.9 V. (a)*1100, 












3.3 Compositional Studies 
3.3.1 300 mM Copper (II) Chloride + 700 mM Trisodium Citrate Electrolyte 
Solution 
 
Figure 25: EDS spectrum of copper film 
 
Table 1: Compositional analysis of copper film deposited 
Formula mass% Atom% 
O 10.50 18.87     
Na 32.71 40.94    
Cl 40.35 32.75    
Cu 16.44 7.44    
Total 100.00 100.00 
 
The compositional analysis of the copper deposit shown in Figure 25 and tabulated in 
Table 1 indicates a very low percentage of copper present in the total deposit as compared 
to the 100% copper that was anticipated. This coincides with the results for the SEM 
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studies. In most of the past literature, all deposits resemble cauliflower structure which 
shows proper nucleation growth. Previously published work’s compositional analysis 
indicate 100% copper. However, the SEM here do not indicate nucleation growth which 
might be due to contaminations such as indicated in the compositional analysis comprising 
of sodium, chlorine and oxygen. Sodium and chlorine might be present in the deposits due 
to the presence of sodium citratate and chloride ions from chloride solutions in the 
deionised water or other compounds. Oxygen might be present from the sodium citrate 
compound used as a complexing agent. Sulphate solution can be tried next to check if we 
still get deposits of other elements. This would also result in better SEM diagrams and 
consequently better morphology. 
3.3.2 300 mM indium (III) chloride + 700 mM trisodium citrate electrolyte solution 
 




































Table 2: Compositional analysis of indium film deposited 
Formula mass% Atom% 
O 52.12  67.91    
Na 28.61  25.95    
Cl  6.50 3.82     
In  12.77 2.32    
Total  100.00  100.00 
 
Similar results to copper are observed for indium indicated in Figure 26 and tabulated in 
Table 2. There is presence of sodium and chlorine in this indium sample as well, however, 
it is less prominent in this case. Oxygen is present in very high amounts attributed to the 
addition of trisodium citrate. Again, due to these impurities present (verified from 
compositional analysis), SEM morphology for indium is not as expected.  
3.3.3 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution Deposited at -0.6 V   
The compositional analysis of this film through EDS studies indicate a higher percentage 
of copper than indium in the deposits which meets the objective. Since the deposition 
potential was chosen as -0.6 V vs Ag/AgCl which is beyond the reduction potential peak 
found for copper through its cyclic voltammetry, it was expected that there would be 
indium deposits as well. Again, the presence of sodium, chlorine and oxygen are there due 






Figure 27: EDS spectrum of copper-indium film deposited at -0.6 V 
 
Table 3: Compositional analysis of copper-indium film deposited at -0.6 V 
Formula mass% Atom%   
O 30.27 49.45    
Na 26.39 30.01    
Cl 14.37 10.59    
Cu 18.25 7.51    
In 10.72 2.44    
Total 100.00 100.00 
 
The compositional analysis of this film through EDS studies shown in Figure 27 and 
tabulated in Table 3 indicate a higher percentage of copper than indium in the deposits 
which meets the objective. Since the deposition potential was chosen as -0.6 V vs 
Ag/AgCl which is beyond the reduction potential peak found for copper through its cyclic 
voltammetry, it was expected that there would be indium deposits as well. Again, the 
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presence of sodium, chlorine and oxygen are there due to the presence of other compounds 
in the electrolyte. 
3.3.4 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution Deposited at -0.9 V 
The compositional analysis for this film shown in Figure 28 and tabulated in Table 4 
indicates that there is a smaller percentage of copper present in the deposit. The deposition 
potential chosen for the indium reduction was -0.9 V vs Ag/AgCl. However, if this 
deposition potential is increased, the results might contain lesser copper and greater 
amounts of indium. 
 







































Table 4: Compositional analysis of copper-indium film deposited at -0.9 V 
Formula mass% Atom%   
O 29.27 50.13    
Na 18.62 22.19    
Cl 26.24 20.28    
Cu 6.35 2.74   
In 19.52 4.66    
Total 100.00   100.00 
 
 
3.4 Phase Analysis 
3.4.1 300 mM Copper (II) Chloride + 700 mM Trisodium Citrate Electrolyte 
Solution 
The structure and phase characteristics of copper indium films were studied by X-ray 
diffraction. Figures 29-32 show the XRD gracing incidence evolution of the copper, 
indium and copper indium films as-deposited using the experimental conditions 
(deposition time: 15 minutes and respective pHs and deposition voltages). From Figure 
29 for copper deposition, it can be observed that the peak corresponding to cuprite at 43.5° 
2 theta is smaller in magnitude compared to literature which might be due to lower copper 
mass percentage in the sample for this research. Diffraction peak (111) corresponds to 
cuprite.  
From Figure 30 for indium deposition, it can be observed that for a pure indium deposit, 





case. From Figures 31 and 32, weak diffraction peaks for copper indium is discerned at 
around 43° 2theta.  
 
Figure 29: XRD pattern of copper film deposited 
 
3.4.2 300 mM Indium (III) Chloride + 700 mM Trisodium Citrate Electrolyte 
Solution 
 





























































3.4.3 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution 
 
Figure 31: XRD pattern for copper film deposited from binary solution at -0.6 V 
 
3.4.4 300 mM Copper (II) Chloride + 300 mM Indium (III) Chloride + 700 mM 
Trisodium Citrate Electrolyte Solution 
 



























































3.5 Voltammetric Study using EDTA as the Complexing Agent 
From the Figure 33 (a), (b) and (c), it seems that the presence of a complexing agent is 
essential for the presence and observance of a reduction or oxidation peak for indium 
although the effect of the complexing agent on the deposited elements thickness was not 
studied in this thesis research. Since there is no reduction peak found for indium in the 
cyclic voltammogram for the binary solution containing no complexing agent, there is no 
evidence that the indium metal was deposited if no complexing agent is used. This could 
be further confirmed by XRD and EDS characterization. Therefore, it seems necessary to 
use a complexing agent to get proper reduction peaks for the two elements being studied. 
It can also be concluded that an increase in the concentration of the complexing agent also 
slightly brings the reduction elements of the two elements to be deposited copper and 
indium closer for better co-deposition environment. Thus, it can be safely said that the 
complexing agent fulfils its purpose. When the plots of EDTA and trisodium citrate 
complexing agents are compared, it is observed that the intensity of the reduction peaks 
for copper deposit is reduced when using trisodium citrate as a complexing agent 
compared to EDTA. The position of the reduction peak is not much different from using 
either complexing agent. Neither is the widening of the peaks much different. Therefore, 
it can be concluded that the incorporation of indium in both cases has been easy because 
of its low free energy of formation [93]. For all the cyclic voltammograms, it was observed 
that after the first cycle, the subsequent cycles did not have prominent peaks which could 








Figure 33: Cyclic voltammogram for 50 mM copper (II) chloride + 50 mM indium (III) 






















































































Figure 34 depicts cyclic voltammograms for the three experimental conditions: binary 
solution without EDTA, binary solution with 25 mM EDTA and binary solution with 50 
mM EDTA. Results are quite satisfactory. On comparing the cyclic voltammograms of 
binary solution with and without EDTA, it can be observed that the complexing agent 
shifts the reduction peak of copper to less negative values and causes a reduction peak to 
appear for indium. On comparing the reduction peaks of binary solutions containing 25 
mM and 50 mM EDTA, it can be observed that increasing the concentration of EDTA has 
desired effect on the cyclic voltammograms by increasing the peak height as well as 
lowering the gap between the reduction potentials of the two elements. However, EDTA 
and trisodium citrate were not compared in this study as different concentration of both 
were used in their individual studies.  
 





































3.6 Effect of pH Studies 
 
 
Figure 35: Binary electrolyte with trisodium citrate. (a) pH=2 and (b) pH=3 
 
The effect of pH studies for the binary solution at a modified pH of 3 produced a similar 
result as the cyclic voltammogram for the pH=2. No oxidation or reduction peaks were 
observed in either case. Thus, it was concluded that to induce peaks at pH lower than 4, 
additional compounds need to be added. Optimum pH used for past studies is 2 [58]. More 
























































Effect of pH studies were also carried out and it was found that pH had a marked effect 
on the cyclic voltammogram reduction peaks. Indium reduction peak seemed to disappear 
when the pH is increased. This might be attributed to the fact that the system did not 
achieve stability at higher more acidic pH.  
3.7 Troubleshooting 
Table 5 presents troubleshooting methods for different issues that arouse in the lab. 
Table 5: Troubleshooting 
S. NO. PROBLEM SOLUTION RATIONAL 




reduction peaks but 
did not obtain any 
deposits. 
Only choose negative 
potentials and avoid 
going to positive 
potentials for both 
copper and indium 
deposition. Choose a 
potential range from -
0.001V to -1.5V. 
This will avoid the 
oxidation zone and thus 
the deposit element will 
not get reduced to its ionic 
form. 
2. No Indium deposits 
using Indium (III) 
Chloride solution. 
The concentration of 
Indium (III) Chloride 
is not high enough. 
Increase the 
concentration to 
300mM of Indium (III) 
Chloride. 
Lower concentrations will 
reduce the conductivity 
leading to no deposits. 
3. No Indium deposits. Prepare a fresh 
solution electrolyte. 
Using an old solution does 
not give any deposits. 
4. Too thick deposits 
and bubbles in the 
electrolyte. 
Use alternative glass 
reference electrode. 
Reference electrode was 
damaged. 
5. Too thick deposits 
and bubbles in the 
electrolyte. 
Glass reference 
electrode was not 
connected to the 
potentiostat. Connect it 
to the potentiostat. 
No proper connections 







Table 6: Troubleshooting (Continued) 




Too thick deposits. Reduce the deposition 
time. 
The more the deposition 
time is chosen, the greater 
is the thickness of the 
deposit going to be. 
7. Hydrogen evolution 
reaction causing 
bubbles. 
Shift the deposition 




Reaction causes bubbles 
and moving away from the 
potential at which it occurs 
helps in avoiding it. 
8. Hydrogen evolution 
reaction causing 
bubbles. 
Use a magnetic stirrer 
to agitate the 
electrolyte. 
Using a magnetic stirrer 
will help in dissolving the 
bubbles. 
9. Hydrogen evolution 
reaction causing 
bubbles. 
Make the pH more 
basic. 
Acidic pH increases the 
rate of hydrogen evolution 
reaction. 
10. No deposits. Check the connections 
and other factors to 
make the current 
density at an 
appropriate level. 
Current density is either 
too high or too low which 
will result in no deposits. 
11.  Number of carbon 
electrodes is 
insufficient. 
Recycle the electrodes 
by constant depositing 
at 1V using dilute HCl 
acid as an electrolyte. 
Electrolyzing used 
electrodes in acid 
electrolyte removes old 
deposits. 
12. Glass external 
reference electrode is 
contaminated. 
Place the tip of the 
glass reference 
electrode in Ag/AgCl 
solution. 
Ag/AgCl solution cleans 
the glass electrode. 
13. Final deposit of 
copper and indium 
contained large 
amounts of sodium, 
chlorine and oxide. 
Wash the deposited 
layer with distilled 
water. 
Washing with distilled 








Chapter 4: Conclusion 
Research in Chemical Engineering sector means fundamentally to come up with ways to 
maximize efficiency by optimizing parameters and minimizing costs. This thesis research 
is an elementary study to assist in succeeding to achieve exactly the same. This was 
achieved by studying a fairly new complexing agent, namely EDTA and juxtaposing it 
with the previously used complexing agent, on which there is several literature present. 
Results indicated mimicked the results obtained from trisodium citrate. However, using 
higher concentration of EDTA could be studied to get better results than even trisodium 
citrate. 
This thesis studied the co-deposition mechanism, structure and morphology of copper and 
indium films deposited. These effects were studied using cyclic voltammograms, SEM, 
EDS and XRD characterization on films deposited by constant potential deposition 
process. Results indicated that both copper and indium had an effect on each other. Results 
of SEM characterization were different from literature due to the presence of a large 
amounts of other elements in the deposit such as sodium, chlorine and oxygen. This can 
be prevented in the future by using distilled water to wash the deposits before sending for 
SEM, XRD and EDS studies.  
Thus, it can be safely concluded that this research is a good elementary study for future 
research on kinetic and reaction elements. In the future, selenium and/or sulphur can be 





Composition tuning can also be conducted to get composition ratios of the deposits which 
give maximum efficiency and best performance of the solar cells. This study is a good 
elementary start to identify the reaction mechanism for future studies. To elaborate, results 
of SEM can be used to prepare smoother layers of deposits for better performance of the 
thin films. XRD and EDS studies can be used to determine which composition of the final 
deposited layers give maximum conversion efficiencies, Thus, this thesis study could be 
considered a good start for results which would increase the conversion efficiency of CIS 
thin-film solar cells and minimize their cost. As the growth mechanism can be investigated 
through the results of this thesis, it is hopefully expected that the understanding of 
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